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i FOREWORD

The NAVSTAR Geodetic Receiver System (NGRS) was developed at the Naval Surface
Weapons Center using a Global Positioning System (GFS) receiver built by Stanford
. Telecommunications Incorporated. This report presents the first application of this system to
detect and estimate changes in the receiver’s antenna position using Doppler techniques.
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1. INTRODUCTION
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Figure 1. Relative Antenna Locations

This experiment demonstrated the obtainable accuracy using Doppler techniques for estimat-
ing position changes of a Global Positioning System receiver antenna.

Accurate Doppler measurements were taken using the NAVSTAR Geodetic Receiver System
(NGRS), developed at the Naval Surface Weapons Center. The system uses a GPS receiver built by
Stanford Telecommunications Incorporated of Sunnyvale, California, and a Hewlett-Packard
506/A high performance cesium clock. .

The experiment consisted of periodically moving the receiver antenna from its original position
(location O of Figure 1) to approximately 2 meters (m) east of the original position (location
1) and then to a third position approximately 2 m south of the original position (location 2).
Figure 1 presents the surveyed relative locations.




Each antenna move was timed to be within a one-minute Doppler count interval. The moves
occurred everv fifteenth interval, except during a period between tracking of the two satellites .
used to collect data. The moves were repeated until at ieast six measurements were made to each
location. These measurements were used to estimate the three-dimensional position change of the
antenna. This emulated a multichannel receiver tracking six satellites simultaneously. )

The next section presents the calculated change in range due to the antenna position change
only. Section [II gives the procedure for obtaining the observed change in range and compares it
with the calculated values. Section IV describes the procedure for estimating the three-dimensional
antenna position change, and Section V presents the results. The accuracies of the experiment
are discussed in the final section.

1I. CALCULATED CHANGE IN RANGE

The calculated change in range from the satellite to the antenna due to the antenna position
change AR is shown geometrically in Figure 2. Parallel lines are assumed from both locations to
the satellite since the distance to the satellite is much larger than the distance moved. The figure
shows the Ad baseline direction to be « degrees from north. The values of « for the three position
changes of the experiment are given in Table 1. For example, for location O to location 1 ais 90°.
The survey values for the distance moved in the a direction, Ad, and the perpendicular distance,
Ap., are also given in the table. The antenna was moved in the horizontal plane so that the change
in altitude, Ah, is zero. The accuracy of the survey values should be within 1.0 centimeter (cm).

@——__ PARALLEL RAYS
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Figure 2. Geometric Representation of Position Change
from Location 0 tn Location 1
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Table 1. Surveyed Change in Antenna Position (m)

Location a
Change ) Ad* Ap* Ah*
Oto ' 90 2.000 0.133 .000
[ to2 225 2,779 0.238 .000
P
2t00 0 2.000 0.203 .000 é
i

* .
Accuracy to within 1 cm

The relationship for the change in range is found from a first-order expansion about the origin !
(location 0).

AR_(t)= R_(t,.d+Ad,p+Ap h+Ah)- R (t,d,p,h) ()

C

ad

IR, dR,
(t..d,p,h)Ad +—(t.,d, p,h) Ap+— (1., d, p, h) Ah. )
i ap i oh i

From Figure 2, the change in calculated range for smail position changes from the origin are
given as follows

oR (t;,d, p, h 3
AQ—,—B—)—L =- cos 0(t.) cos E(t.) )
od =p=h=0 l l

aR, (t;, d. p, h)

_C_l_p___L = - sin 6(t.) cos E(t.) <
op =p=h=0 l l

aR. (t.d.p, h)

= - sin E(t.) (5
oh d=p=h=0 sin B4,

- i ewa v - — - - -

— —_— ot ——— il it s it Mot omiitiiton,




where

t, = time of the expansion

li(ti) = elevation to the satellite

A )= azimuth to the satellite

o = direction of the base line

O(t.l) =q- Az(ti)

Ad = survey value for change in position in the « direction

Ap = survey value for change in position in the a - 90° direction
Ah = survey value for change in position in the vertical direction

Ill. OBSERVED CHANGE IN RANGE

There are several steps in the procedure to compute the oiserved change in range, AR . The
Doppler measurement is obtained by integrating over a time interval, [ll, t, ], the received fre-
quency, 1. subtracted from a precise ground station frequency, f . The received frequency is
the sum of the transmitted frequency, f’r‘ and the Doppler effect. Therefore, the Doppler measure-
ment is

t t,

N I R(t)
AN = [tg— tr(t)]dt = [tg— i +—;-—] dt (0)
4y l]
. . fT
:“g“T)“z“l”C_ [R(t,)- R(t)] (7

where ¢ is the speed of light and R(t) 1s the instantaneous range from the satellite to the station
antenna. Note. the Doppler measurement is a difference in ranges at the beginning and end times
of the Doppler count interval, The range at any time between these times is immaterial. For this
reason. the station antenna for the experiment was in place at its first location at t. moved after
t.. and put in place at its second location before t,. The start and end times for each position

1
change. as well as their corresponding azimuth and elevations, are given in Table 2.

I'he GPS satellites transmit two signals at frequencies that enable a correction to be made for
the first-order ionospheric effect. After ionospheric correction of the range difference biased
observed ranges R (t,) are tormed by adding successive range differences to a nominal range
hias. Next. trajectories are computed for the satellites, and calculated ranges Rc(ti_ d. p, h) are
determined to location 0 of Figure 1. Next, a least-squares fit is made using the observed and the
calculated ranges to determine the unknown bias Ry and improvements to six orbit parameters
and tropospheric refraction corrections. The residuals of the fit are plotted in Figure 3 for satellite
S and in Figure 4 for satellite 6.




Table 2, Azimuths and Elevations

Satellite Azimuth  Elevation Azimuth Elevation 4

Location Number 6% AL ) E_)C) t*  ALL)C) E(t, (") ﬁ
0-1 5 40500 342.8 54.4 40560 343.6 54.6
43200 23.2 60.6 43260 242 60.7
45900 70.2 59.1 45960 71.2 58.9

48600 107.2 48.2 48660 107.9 47.9

51300 130.5 31.9 51360 130.9 31.5 i
6 60300 61.3 23.0 60360 60.8 23.1

63000 39.7 19.7 63060 39.3 19.5 !
1-2 5 41400 355.1 57.0 41460 355.9 57.2
44100 38.8 61.2 44160 39.9 61.2
46800 84.2 56.4 46860 85.1 56.1
49500 116.3 43.2 49560 116.8 42.8
52200 136.1 25.9 52260 136.5 255
6 61200 76.2 195 61260 75.7 19.6
63900 53.7 23.1 63960 53.2 230
3 20 5 42300 8.5 59.1 42360 9.4 59.3
45000 54.8 60.7 45060 55.8 60.6
47700 96.6 52.7 47760 97.3 52.4
50400 124.0 37.7 50460 124.5 37.3
6 62100 68.9 218 62160 68.4 21.9
64800 46.4 219 64860 459 21.8

*Year 1980, Day 114 (GMT); unit, second of week
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Figure 3. Range Residuals Versus Time for Satsllite 5 (Continued)

T s




vos

Py

000000008 0000000000000000000000000000000000000IvetttetIterercstetenesereresrerersororeerorersrtsserereceoee
~ L] - ~ -] - -
| | | | | |
A ~N [ - o~ ()
L] . o [ [N ) LI LN LI . . * 9 . - LI ] . . LN LI ] LN ] . . LI » . L . . LN . . . o LI s & 0 5 ¢ o
- - 0
»
[~ 8
" =
CIL] =
. s 8 8 @ LI L] . LN ) o e o o . * 9 L e o 8 @ LI ] e » L] LI ) [ ) . L[] « e o @ L ] LI » ® & ¢ ® & & 0
ﬁ Ty PN - - u
1Y »
el E -
n - P
. - ®»| g "o
L] -4 -
S |
(N = - (=]
¢« o v ¢ s o o ofle s 2 0 0 o D R I 2 I A o o o o s o ofls o s ¢ 2 8 s e et s 0 e s b
L] L]
™ "
= [T £
- - -
»
LT - -
* o . L] * 8 o Je * @ ¢ o LI 4 [ ] LI ) . 0 L ] . L] L LI . L LI ] L] . . . L] L] L] . * e LI LI I I . L] m
" el E £
=] (d
-y - -
-1= J >
- s - )
‘®
- - bt -}
- 2
- .
L - “
> @«
. . Ol. . *” & . LI LA 4 L L 1] . LI ] .« . . . * @ LIS ] . . . 0 . . 0 . .'.‘ . .l. L N L] e o o LI
-— _J R 0w
&|& - 8
n o]~ - c
-~ (-4
- — R
. o o . . ¢ = . . LI . & LIS 1 * . [ ] L] LI ] LN 4 LR 1 L * o * L] . LI LI . . . . . . * e . ® e 8 85 & 0
" e|E e|E E " ;
E
a|=s als Els <
o|e vle ~o
- -l - ~ A -
1T ~ <1z 5
s ¢ o o oo mme ofe 4 5 o 0 o 5 s s s s o s s s e 0 o 0w e 4 4 s s s s e o % s 0 s 0« THe v 0 0 e R-J
n U
" -
- b
L
% 6 8 % ® s e ® s o g ® ¢ o ¢ s s P e ¢ 0 s oo 0 o s s s w 8 &8 o s o o s o s s 5 ¢ a%s e o 4 0w o
[ nd b ™™ el
PN - -
3 N - -
-
L
..‘...OQQ'OO..c0.0.0.0Q....0."..‘.'.'0.'0"‘0..000.‘.l.’.Q..0.0Q.'.0l...ﬁ'Q.o‘.0.Q..'.QO..‘.'...Q‘..."C.




These plots consist of the least-square range residuals in meters on the abscissa and sequential
time on the ordinate, increasing downward. Since the computational fit procedure assumed that
the antenna did not move, discontinuties occur at the time intervals when the antenna is moved
from each location. The location changes are given in the right-hand column of the figures. These
discontinuties are the changes in range due to the antenna position change plus measurement
errors. While tracking satellite 5, the antenna was initially placed at location Q of Figure 1. The
first discontinuty of Figure 3 represents the first move of the antenna from location 0 to focation 1.
The antenna remained at location 1 for fifteen 1-minute Doppler count intervals and was then
moved to location 2, These moves were continued clockwise around Figure 1 and are denoted in
Figure 3 until the end of the pass. The position changes were then continued for satellite 6 for its
entire pass, as shown in Figure 4.

The observed change in range is taken as the difference in the residuals before and after the
position change; i.e.

AR, (4. 1) = Ry () - R (¢, d, p, ) - Ry () - Ro(4;_,d,p, h) ]

d:p:h:()

®

d=p=h=o

where the antenna move occurred after t,_; and before t,. The observed and calcuiated change
in range values are given both in Figures 3 and 4 at the discontinuities and in Table 3. In Figures 3
and 4 the observed values are above the discontinuities and the calculated values are below, in
parenthesis. Both values are in units of meters. Also given in Table 3 are the satellite numbers and
the start time of the Doppler count interval. The observed and calculated changes in range are
differenced for each measurement. The mean and standard deviations of (AR0 - AR,) for each
location change are also given in Table 3. The combined mean is 0.0016 meters and the combined
standard deviation is 0.0573 meters.

Note that the standard deviation of the location change 2 -0 was significantly smaller than the
two other location changes. By observing Figures 3 and 4. note that the location changes 2 -0
always occured at least one-half hour from either end of the satellite pass. The processing
algorithm, from which these residuals were obtained, attempts to produce a zero mean result.
Consequently, there is a steep slope to the residuals at the begining and end of the passes. This
phenomenon is very severe for the short pass of satellite 6, less so for satelliie 5. but casts some
doubt on the accuracy of the first and last observations in both passes.

The individual observed minus calculated range differences are divided by the cosine of the
corresponding elevation angle and plotted along the azimith to the satellite from location 1 (see
Figure 5). These represent a zero elevation plot of the range difference errors. If the survey and
measurements were perfect, all the ditference values would be at the antenna location. This plot
depicts the orientation of the satellites with respect to the base line between location O and 1.




Table 3. Observed and Calculated Change in Range

Satellite
.ocation Number ti_l"' ARo(ti,ti_l)(m) AR (m) AR,-AR (m)
01 6 60300 -1.692 -1.674 ~018
63000 ~1.207 -1.299 0.092 :
5 40500 0.223 0.270 -.047 AR -AR_=0.028 :
43200 - 454 ~ 447 -.007 |
45900 - 997 - 989 ~008  o,p _,p =0.062 |
48600 ~1.168 -1.247 0.079 07 e |
51300 -1.110 -1.218 0.108 i
1-2 6 61200 1.980 2.125 ~.145 ]
63900 2,490 2.494 004 ’
5 41400 1.222 1.074 0.048 AR -AR_ =-.033 |
44100 1.299 1.333 ~.044
46800 0.997 1.109 ~112 O,p _ag =072
49500 0.474 0.485 0.011 e
52200 - 227 - 262 0.035
2.0 6 62100 - 480 - 493 0.013 .
64800 -1.110 -1.143 0.033 AR,-AR_= 011
5 42300 ~1.004 -1.000 ~.004
45000 - 451 - 483 0.032 O p _ag =021
47700 .240 0.262 ~-.022 0 c
50400 1.030 1.018 0.012

*Year 1980, Day 114 (GMT); unit second of week.
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1V, ESTIMATION OF CHANGE IN POSITION

This section describes the procedures for estimating the change in antenna position using the
observed change in ranges, described in the previous section, as data. The relationship for
AR (L.t ) of (8) is used to create a linear equation in terms of the unknown position changes
Ad, Ap, and Ah. This is done by substituting the appropriate relationship of either R_(t;_,.
d+Ad, p+Ap, h+Ah)or R (t,d+ Ad, p + Ap, h + Ah), evaluated at d = p =h =0, into (8)
to match the specific location change. This is explained below for the three location changes.

A. LOCATIONSOTO1
From (1) and (2), with evaluations at the origin or location 0,

Rc(ti, d,p,h)= Rc(t.l, d+Ad,p+ Ap, h + Ah)

R“td h)aRctd h)aRctd h) 9
. ad (l' 'p’ ap (l! ‘p! ah (l! ‘p’ ()

is substituted into (8). Using the partial derivatives of (3), (4), and (5) this reduces to the

following linear equation in terms of position change parameters Ad01 , Apg; s and Ahm, which
are to be estimated. Here, the subscripts denote the specific location change.
AR, (., t;_ )=~ cos 6 (1) cos E(t;) Ad,)| - sin 6 (t,) cos E(t)Ap,,
- sin E(t) Ahy, +e(t. t_)) 10
where the measurement error is
el )= R?)I )(ti)— Rf)” (., d+4d,,.p+Aap,, . h+4h;))
- R - RWH .
IRVt - REPP(E_ . dop, b)) (n

and where the superscripts indicate the location of the evaluation.
B. LOCATIONS 2TO O

For this case the antenna is at location 2 att,_,. Therefore, the expansion of (1) and
(2)is evaluated at t, | . As above for (9),

Rc(ti_,‘d, p.h)y= Rc(ti_,,d+ Ad, p + Ap, h + Ah)




_ —_c(t.

oR oR
ad l__lyd,pih)_a—p_c-(ti_]ad’p,h)-?h—c(ti_l’dquh) (12)

The following equations are similar to equations (10) and (11) except for parameters Ad2 0 Ap2 0
and Ah, .
20

AR, (t,t;,_,)=cos 6 (t,_,)cosE(t,_,) Ad,, +sin 8 (t,_,) cos E(ti_l) Apzo

+sin E(t,_, ) Ah,, +e(t, t,_|) (13)
where the measurement error is
e(t;, t,_,) = REY () - RO (t;,d, p, h)
- [RP (t,_)- RP) (t,_,,d+Ad,,, p+4ap,,, h+Ah, )] (14)
and where the superscripts indicate the location of the evaluation.
C. LOCATIONS1TO2
For this case both Equations (9) and (12) are substituted into (8) since both locations
are away from the origin. This produces linear equations in terms of the position parameters to
be estimated Ad, ,, Ap]2 and Ahl2 and in terms of Ad,,, Ap,, and Ahg, . Survey values are
used for Adm, Ap01 and Ah01 since the antenna positions are assumed to be known perfectly

before each move. The resulting relationship is

AR (t. t,_, )=-cos @ (ti) cos E(ti) Ad1 2" sin 6 (ti) E(ti) Apl 2

- sin E(t,) Ahl , t [cos @ (t,_;)cos E(t,_,)

- s0s @ (ti) cos E(ti)] Adol + [sin ()(ti_l ) cos E(ti_l)

-sin 0(ti) cos E(ti)] ApOl + [sin E(ti—l)

- sin E(t)] Ahy, +e(t, t._ ) 15)

where the measurement error is

e(t,. t,_ )= REY (t))- R (4, d + Ady, + Ad,,p+4p,, +4p,,,
1 ) ]
h+Aahg, +4h ,)- [RE (4_)- R{D (4, d+Adg,,
p+Ap,,.h+Aah )] (16) :

and again where the superscripts indicate the location of the evaluation.
12 '




V. RESULTS

The linear equations of (10), (13), and (15) were used to estimate the three-dimensional
position changes in terms of Ad, Ap, and Ah, which are defined in Section 2.

Observed changes in range Ro(t, t_1) of Table 3 and appropriate azimuths and elevations
of Table 2 wecre substituted into these equations to form an over-determined set of linear
equations. Six measurements were used for each position change in order to emulate a multi-
channeled receiver tracking six satellites. (For locations 2 to 0 all six measurements were used;
for both locations O to 1 and 1 to 2, which had seven measurements, one point near the end of the
pass was eliminated.) The least-squares solutions for the three location changes are given in Table 4
together with the ccrresponding surveyed values of the position changes. The estimation errors,
the differences between the estimated and suveyed values, are also given. The magnitudes of these
errors are 3.0, 5.4, amd 6.3 cm, for position changes 2 to 0, 1 to 2, and 0 to 1, respectively. This
demonstrates the subdecimeter accuracy of the receiver.

The standard deviations on the individual estimates are also presented in Table 4. These were
determined (see Reference 1) by weighting the square roots of the diagonal terms of the 3 x 3
inverse of the parameter coefficient matrix by standard deviations of (ARO - AR ), given in
Table 4 for each location change. The estimates are consistent with their standard deviations
except that the altitude errors are smaller, compared to the Ad and Ap errors, than the standard
deviations indicate.

The last three columns of Table 4 have the estimation errors for Ad and Ap converted to
errors in north and east directions and the altitude error repeated. The estimation error for ‘“com-
pleting the loop” is the sum of direction errors for each leg. Here, the antenna location is assumed
to be known perfectly at the beginning of each leg. The resulting error is 3 cm north, - 4 cm
south and less than - 1 ¢m in altitude.

13
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Table 4. Change in Position Results*

10c 113} SUR EST ST DEV ERROR €RROR €RROR
CHANGE PARAM VALUE VALUE -SuR 0F EST NORTH EAST ALTITUDE
im) {m) {m) (m) {m} {m) {m)
0-1 ad 1940 2000 - 060 05 ~ 060 i
1
ap 151 13 o 058 o8
1
ah 4ot oo0 00} 049 o0 ;
) 1-2 ad FR7)] 2ny -.052 074 037 oy
ap 244 238 008 048 -.004 004
ah .y 3T 000 -ou 08§ -0
2-0 ad 1979 2.000 -0 023 ~m
aAp 223 203 020 022 ~029
ah 008 000 008 028 008
TOTAL 030 -0 -008

f *Antenna position assumed to be known perfectly at beginni i i i i
I a ginning of each move, Six data points for each location 3
was deleted tor position changes 0-1 and 1-2). i (one end point g
‘

14




V1. CONCLUSION

The experiment demonstrated subdecimeter change in range measurement capability and
three-dimensional antenna position change estimation accuracy. Note that very few errors, which
would exist for an absolute position test or a two-receiver relative position test (see Reference 2),
entered into this change in position experiment. Due to the small baseline absolute orbit errors,
atmospheric errors and clock bias errors have very little effect on the results. The three main
contributing errors of the experiment are jitter in the measurement of number of cycles in the
Doppler count, drift in the satellite and receiver clocks over the I-minute Doppler count interval,
and change in orbit error over the Doppler count interval. The standard deviation of the jitter in
the measurement and the combined clock drifts were expected to be about 1 and 2.5 cm,
respectively. The change in orbit error appeared to be small over the major portion of the
trajectory, but due to the processing anomoly discussed in Section III, the residuals may not
be as accurate at the pass extremes as in the center. Note that for the 2 to O location change,
measurement data was not taken at the beginning or end of the pass. Consequently, the accuracy
of the 2 to 0 location change results are significantly better for this change in lucation.

The sampled standard deviations of the change in range measurement errors for locations 2 to
0,1 to2and | to 0 were 2.1, 7.2, and 6.3 cm, respectively. These standard deviations are based
only on six or seven measurements. The combined mean and standard deviation based on 20
measurements is 0.2 and 5.7 cm, respectively.

The three-dimensional position change estimation error is the difference between the estimated
and surveyed values. The magnitudes of the estimation error for position changes 2 to 0. 1 to 2.
and 0 to 1 were 3.0.5.4, and 6.3 cm, respectively.

These are fairly impressive results even though the baseline was very small and few errors

entered into the experiment. Further testing will be done for larger baselines and with more than
one receiver.

Vil. REFERENCES

1. A.P.Sage and J. L. Melsa, Estimation Theory with Application to Communication and Con-
trol, McGraw-Hill Book Company, New York, 1971.

tJ

R. J. Anderle, “*Geodetic Applications of the NAVSTAR Global Positioning System.” Second
Interional Symposium on Problems Related to the Redefinition of North American Geodetic
Networks, Washington, D.C., April 1978.

15




DISTRIBUTION

Defense Technical Information Center
Cameron Station
Alexandria, VA 22314 (12)

Library of Congress
Washington, DC 20540
ATTN: Gift and Exchange Division 4)

National Aeronautics and Space Administration
Scientific and Technical Information Facility
P.O. Box 5700

Bethesda, MD 20014

ATTN: Technical Library

National Aeronautics and Space Administration
600 Independence Avenue, S.W.

Washington, DC 20546

ATTN: Code ERG (Mr. T. L. Fischetti)

Director
Defense Mapping Agency Hydrographic/Topographic
6500 Brookes Lane 1
Washington, DC 20315
ATTN: Dr. Randy Smith i
Ms. Carolyn Leroy |
Dr. William Woodon
Mr. James Slater (Code GST)
Mr. Henry Heureman

Director

Defense Mapping Agency

Aerospace Center

St. Louis, MO 63118

ATTN: Dr. Robert Ballew
Mr. George Stentz

Director

Naval Research Laboratory

Washington, DC 20360

ATTN: Dr. John P. Dugan
Mr. Jim Buisson




DISTRIBUTION (Continued)

Sheltech Canada

400 - 4th Ave. S.W.

P.O. Box 100

Calgary, Alta, Canada T2P 2HS

ATTN: Dr. Gerard LaChapelle
Dr. Alex Hittel

1BM/Federal Systems Division
18100 Frederick Pike
Gaitersburg, MD 20760
ATTIN: Dr. Fritz Byrne

Stanford Telecommunications Inc.
1195 Bordeaux Drive
Sunnyvale, CA 94086
ATTN: Dr. Paul Parraught
Mr. Brian Elrod

' GIDEP Operations Office
Corona, CA 91720

Mr. Richard Greenspan
CS Draper Laboratory Inc M/S 92
555 Technology Square
Cambridge, MA 02139

Defense Mapping School
Ft. Belvoir, VA 22060
ATTN: Mr. David Lehman

Dr. R. Fischl

Electrical Engineering Department
Drexel University,

Philadelphia, PA 19104

Major Joseph R. Hamlin
Guidance and Navigation Branch
NASA Ames Research Center
Moffett Field, CA 94035

i P o L L -~




DISTRIBUTION (Continuea)

HQ SAMSO

Air Force Unit Post Office
Los Angeles, CA 90045
ATTN:  YE

Chiet of Naval Reszarch
Department ot the Navy
Arlington, VA 22217
AITN: Code 418

Air Force Geophysical Research Laboratory
L. G. Hanson Field
Bedtord, MA 0173C
ATTN: Mr. Donald Eckhardt
Mr. Jack Klubacher

National Oceanic and Atmospheric Administration
National Ocean Survey
Rockville, MD 20850
ATTN:  Dr. John Bossler
Dr. Clyde Goad

Applied Physics Laboratory
The Johns Hopkins Laboratory
Laurel, MD 20810

ATTN: Mr. Joe Wall

Dr. Peter Bender

Joint Institute for Laboratory Astrophysics
University of Colorado

Boulder, CO 80309

F'he Ohio State University
Department of Geodetic Sciences
1958 Neil Avenue

Columbus, OH 43210

ATTN: Professor lvan Mueller




DISTRIBUTION (Continued)

Mr. Reben E. Maine
Sperry Marine Systems
Charlottesville, VA 22906

Mr. Gary Matchett
TASC

6 Jacob Way
Reading, MA 01867

Mr. Charles Payne and Mr. Ben Roth
6592/SPO Code YED

P.0O. Box 92960

World Way Postal Center

Los Angeles, CA 90009

Director
Defense Mapping Agency
Washington, D.C. 20305
' ATTN:  Dr. Charles Martin
{ Dr. Walter Senus

SAMSO

Space Division
SAMSO/GPS/OL-AQ
Vandenburg AFB, CA ©,437
ATTN:  Mr. Fran Varnum

Mr. Jorden Jennings
3611 Woodside Road
Woodside, CA 94062

Dr. C. B. Chang
Lincoln Laboratory
Lexington, MA 02173

Local:

E41

K05

Kl (15) \
K12 (15)

K13 (15)

X210 (6)







